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Abstract Integrating geodetic, seismic, and petrological data for a recent eruptive episode at Mount Etna
has enabled us to define the history of magma storage and transfer within the multilevel structure of the
volcano, providing spatial and temporal constraints for magma movements before the eruption. Geodetic
data related to the July-August 2014 activity provide evidence of a magma reservoir at ~4 km below sea level.
This reservoir pressurized from late March 2014 and fed magmas that were then erupted from vents on
the lower eastern flank of North-East Crater (NEC) and at New South-East Crater (NSEC) summit crater
during the July eruptive activity. Magma drainage caused its depressurization since mid-July. Textural

and microanalytical data obtained from plagioclase crystals indicate similar disequilibrium textures and
compositions at the cores in lavas erupted at the base of NEC and NSEC, suggesting comparable deep
histories of evolution and ascent. Conversely, the compositional differences observed at the crystal rims have
been associated to distinct degassing styles during storage in a shallow magma reservoir. Seismic data
have constrained depth for a shallow part of the plumbing system at 1-2 km above sea level. Timescales of
magma storage and transfer have also been calculated through diffusion modeling of zoning in olivine
crystals of the two systems. Our data reveal a common deep history of magmas from the two systems, which
is consistent with a recharging phase by more mafic magma between late March and early June 2014. Later,
the magma continued its crystallization under distinct chemical and physical conditions at shallower levels.

1. Introduction

Constraints on subsurface fluid (i.e,, magma, volatiles, or hydrothermal waters) movements, as well as the geo-
metry, size, and depth range of magmatic reservoirs beneath active volcanoes, are usually provided by model-
ing geodetic data (see Dzurisin [2007] for an overview). Additional information can be acquired from seismic
observations that in some basaltic volcanoes (e.g., Etna and Stromboli) are dominated by volcanic tremor,
whose source mechanism is generally associated with fluid dynamics in the shallower portions of the volcano
plumbing system [e.g., Chouet, 1996; Chouet and Matoza, 2013]. Other constraints, related to the timing of
magma storage and transfer, can be defined by petrological data, considering mineral phases sensitive to
changes in the thermodynamic equilibrium of the magmatic system, such as plagioclase and olivine [e.g.,
Davidson et al., 2001, 2007; Costa and Chakraborty, 2004; Morgan and Blake, 2006; Kahl et al., 2011; Druitt
et al.,, 2012]. Compositions and textures of plagioclase crystals vary depending on the melt composition along
with temperature, pressure, H,O contents, and fO, of the system, whereas olivine is mostly sensitive to changes
in the melt composition and fO, [e.g., Streck, 2008, and references therein]. The use of textural and composi-
tional data of minerals, in combination with intracrystalline diffusion modeling of specific elements, proved
asound method to decipher the spatial and temporal dynamics of magma evolution prior to eruption at several
volcanoes [e.g., Zellmer et al., 1999, 2003; Davidson et al., 2001, 2007; Costa et al., 2008; Morgan et al., 2004; Kahl
etal, 2011, 2013, 2015; Druitt et al., 2012; Viccaro et al., 2016a].

Complex systems, such as Mount Etna volcano, require an integrated approach to produce realistic information
on the geometry, depth of magmatic reservoirs, and preeruptive timescales of magma storage and transfer
processes. Such kinds of multidisciplinary studies are becoming popular in modern volcanology, as they are
solving important questions at active volcanoes worldwide (e.g., Turrialba [Martini et al., 2010], El Hierro
[Marti et al., 2013], Manda Hararo rift [Barnie et al., 2015], and Eyjafjallajokull [Viccaro et al., 2016b]). Works
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Figure 1. (a) Digital elevation model of Mount Etna with the location of the seismic and GPS stations, used in this study. The
EPLU-EINT baseline is traced with a blue line. The seismic station ESLN is also indicated. Upper left inset shows a simplified
structural map of eastern Sicily and the geographic location of Mount Etna. (b) Magnification of the volcano summit craters
(Bocca Nuova, BN; Voragine, VOR; North-East Crater, NEC; South-East Crater, SEC; and New South-East Crater, NSEC) and
eruptive fissure and vents opened during the analyzed eruptive period. Coordinates are UTM 33N projection.

integrating various types of data have already proved to be very useful at Mount Etna volcano in order to dis-
cern the dynamics of some recent eruptions [e.g., Kahl et al., 2013; Viccaro et al., 2014; Cannata et al., 2015;
Spampinato et al., 2015].

On 5 July 2014, an eruptive fissure opened on the lower eastern flank of the North-East Crater (NEC). This
activity was followed by eruptions at the New South-East Crater (NSEC) throughout the first half of August.
The geophysical and petrological data presented in this study provide the spatial localization of deep
and shallow magmatic sources and their temporal activation prior to and during the eruption. The wider
implications of this paper are that realistic reconstructions of the spatial-temporal history of magmas prior
to an eruption can only be accomplished by integrating the physical and chemical constraints from multiple
disciplines.

2. Volcanological Background

Mount Etna is an open-vent Quaternary basaltic volcano, located at the front of the Apennine-Maghrebian
thrust belt on the east coast of Sicily (Figure 1a). There are currently five summit craters (Figure 1b): South-
East Crater (SEC), New South-East Crater (NSEC), Bocca Nuova (BN), Voragine (VOR), and North-East Crater
(NEQ). Eruptions at Mount Etna range from frequent activity at the summit craters and episodic flank
eruptions. The former is characterized by phases of degassing alternating with mild Strombolian activity,
occasional lava fountains, and lava overflows. Flank eruptions occur from lateral vents usually located along
fracture systems [e.g., Acocella and Neri, 2003; Andronico et al., 2005; Burton et al., 2005; Spampinato
et al., 2008].

After the end of the May 2008 to July 2009 eruption, Mount Etna was characterized only by degassing and
some sporadic minor explosive phenomena for 17 months [Andronico et al.,, 2013]. In January 2011, an erup-
tive phase started and lasted up to April 2012, involving 25 episodes of lava fountaining at NSEC, as well as
Strombolian activity and intracrater lava flows at BN [e.g., Behncke et al.,, 2014]. The lava fountain episodes
finally led to the creation of the huge NSEC cone.

During 2013, two periods of major eruptive activity were observed [e.g., Cannata et al., 2015; De Beni et al.,
2015; Spampinato et al., 2015]. From January to April, a series of short episodes of intense Strombolian activity
took place at BN and VOR, as well as 13 lava fountain eruptions at NSEC. After a fairly quiescent period
between May and August, six lava fountains and Strombolian activities occurred at NSEC throughout
September to the beginning of December.
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Figure 2
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All the NSEC lava fountain episodes, that took place from 2011 to 2013, lasted from a few days to a few hours
and showed similar cycles of eruptive phases [e.g., Behncke et al., 2014; Viccaro et al., 2014; Greco et al., 2016]:
(i) beginning with minor explosive activity, (i) more vigorous Strombolian activity often accompanied by lava
discharge, (iii) lava fountaining with voluminous tephra ejection and emplacement of lava flows, and (iv)
rapid decline of lava fountaining and transition to mildly Strombolian activity.

However, since the second half of December 2013, the NSEC eruptive behavior changed: the initial
Strombolian activity of the explosive episodes (the aforementioned eruptive phase “ii”) did not culminate
in sustained lava fountaining and voluminous tephra emission (the aforementioned eruptive phase “iii”
was missing); in addition, the duration of the explosive episodes was longer (in the order of some days [De
Beni et al., 2015]). This behavior became even more pronounced in 2014, when the activity of 21 January
at NSEC was limited to Strombolian explosions at the summit of the crater and lava effusion from vents on
its lower eastern flank. This activity lasted for 75 days and fluctuated in intensity, ending in the night of
6-7 April (Figure 2a) [De Beni et al., 2015]. The following eruptive episode took place at NSEC in mid-June
2014 and was preceded by about 5 weeks of intermittent Strombolian activity. Also, the mid-June episode
was characterized by Strombolian activity and lava emission, but neither lava fountains nor voluminous
tephra fall occurred [De Beni et al., 2015].

On 5 July 2014, an eruptive fissure opened on the lower eastern flank of NEC, feeding weak Strombolian activ-
ity and slow lava effusion from two new vents located at about 3000 m above sea level (asl) (Figure 1b; for
time reference see Figure 2a). On 25 July, more intense Strombolian activity took place at a newly opened
vent at 3090 m asl along the same fracture system (Figure 1b), close to the 5 July vent. The eruptive activity
from these vents ended on early 10 August [De Beni et al., 2015]. Before the end of the activity on this fracture
system, on 8 August, eruptive activity resumed also at NSEC, which culminated on 11-14 August with vigor-
ous Strombolian explosions and lava effusion (Figure 2a). Eruptive phenomena at NSEC ended on 16 August.
The second half of August was only characterized by degassing.

3. Geophysical Data

The eruptive episode analyzed in this study lasted from the beginning of July up to mid-August 2014.
However, all the available geophysical data spanning the February-August interval have been analyzed in
order to contextualize the eruptive episode within the framework of a longer time interval. This provides a
comprehensive picture of events leading up to this episode.

3.1. Geodetic Data

Raw data collected from the permanent GPS network (Figure 1a) and spanning the 1 February 2014 to 31
August 2014 interval were analyzed using the GAMIT/GLOBK software [Herring et al., 2010] and adopting
the methodology described in Gonzdlez and Palano [2014]. Precise ephemerides and absolute antenna
phase center models provided by the International GNSS Service (www.igs.org) were used. In addition, the
Saastamoinen [1972] atmospheric zenith delay models, coupled with the Global Mapping Functions [B6hm
et al., 2006] for the neutral atmosphere, have been adopted. The results of this first step are daily estimates
of loosely constrained station coordinates, and other parameters, along with the associated variance-
covariance matrices. Lastly, the loosely constrained daily solutions were used as input in a Kalman filter
(GLOBK) in order to estimate a consistent set of daily coordinates (i.e., time series) for all sites involved.

We focus on the daily baseline changes for EPLU and EINT stations because they were quasi-continuously oper-
ating throughout the investigated period (Figures 1Taand 2b). Since these stations are located northwest (EPLU)
and south (EINT) of the summit area, their relative motion over time is sensitive to any change in summit

Figure 2. Plot summarizing vent activity, seismic, and deformation data from February to August 2014. (a) Intervals of the
main activity at NSEC and at the eruptive fissure opened on the lower eastern flank of NEC (here indicated as “eruptive
fissure”). (b) Variation in length of the EPLU-EINT baseline with associated 1 sigma uncertainties. T1, T2, T3, T4, and T5 are
time intervals discussed in the text. (c) RMS of the seismic signal recorded by the vertical component of ESLN station and
filtered in the band 0.5-5.5 Hz. (d) Variation in time of the location of the volcanic tremor centroids (the color of the dots are
different in each time interval, identified by GPS). The dashed rectangle in Figures 2c and 2d indicates the time interval
shown in Figure 4b. The vertical dashed lines divide the investigated period into the time intervals, identified by GPS. The
“E,” "W,” “N,” and “S” labels in Figure 2d indicate the East-West and North-South directions.
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Figure 3. Comparison between observed (blue arrows) and modeled (yellow arrows) horizontal and vertical geodetic velocities related to (aand b) T1 (1 February 2014
to 20 March 2014), (cand d) T2 (20 March 2014 to 13 June 2014), and (e and f) T5 (11 July to 20 August). The red stars indicate the surface projection of modeled sources
(see Table 1 for details). Uncertainties associated to GPS velocities are at the 95% level of confidence (ellipsoids for horizontal and bars for vertical components).
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deformation. At least five major ground deformation stages are apparent in the data (Figure 2b): (T1) from 1
February to 20 March, the baseline shortened by ~1.5 cm; (T2) from 20 March up to 14 June, the baseline length-
ened by ~1.4 cm; (T3) from 14 June to 20 June, the baseline shortened by ~0.7 cm; (T4) from 20 June to 11 July,
the baseline lengthened by ~0.6 cm; (T5) from 11 July to 20 August, the baseline shortened by ~1.7 cm. Since 20
August, the baseline lengthened again, marking the beginning of a new pressurization of the magmatic
plumbing system, which led to the emplacement of a shallow dike on 28 December. This last time interval
has been analyzed by Gambino et al. [2016]; interested readers can refer to this study for additional details.

Although these stages have been delineated only on the basis of deformation pattern, in the following we
refer to them, because of the temporal correlation between deformation, volcanic activity, and tremor ampli-
tude and location.

For each detected stage, we estimated the ground deformation field in terms of geodetic velocities by com-
bining the daily GAMIT solutions into a consistent set of station positions and velocities and adopting a local
reference frame—Etn@ref—to isolate the volcanic deformation from the background tectonic pattern (see
Palano et al. [2010] for details). Significant ground deformation occurred only during T1, T2, and T5 time inter-
vals, while during T3 and T4, with the exclusion of a limited number of stations close to the summit area, the
overall ground deformation signals have comparable magnitudes to their associated uncertainties (up to ~7
and 15 mm/yr at 16 confidence interval for horizontal and vertical components, respectively). Such a low
signal/noise ratio does not allow to properly investigate T3 and T4 patterns through inversion models.
Conversely, T1 and T5 are characterized by a general contraction of the upper part of the volcano edifice, indi-
cating a depressurization of the volcano plumbing system (Figures 3a, 3b, 3e, and 3f). T2 shows a general out-
ward radial pattern, indicating a pressurization of the plumbing system (Figures 3c and 3d).

The surface deformation for T1, T2, and T5 was used to constrain isotropic half-space elastic inversion models.
The inversions were performed using the genetic algorithm approach [e.g., Tiampo et al., 2000] and, to
include topography, we also adopted the method of Williams and Wadge [2000]. To model the observed
ground deformation pattern, we used the Yang et al.'s [1988] analytical model. Values of 30 GPa and 0.25
were assumed for the shear modulus and Poisson’s ratio in the half-space, respectively; the chosen rigidity
represents an average value for Etna’s crust [Chiarabba et al., 2000] and corresponds to a typical value com-
monly used in modeling works for Mount Etna [e.g., Bonanno et al., 2011]. Estimation of the uncertainties in
best fitting parameters was performed by adopting a Jackknife sampling method [Efron, 1982]. In the com-
putation, both horizontal and vertical GPS components were inverted by taking into account the weights
proportional to the associated displacement errors. We discarded all stations located on the middle-to-lower
eastern flank of the volcano because they are affected by long-term seaward motion [Palano et al., 1998];
their overall ground displacement for the period 1 February to 31 August 2014, in agreement with the
long-term seaward motion, is reported in Figure S1 in the supporting information.

For T1 (Figures 3a and 3b), the modeled source is located beneath the summit area at a depth of ~5.6 km be-
low sea level (bsl). It has a prolate spheroid shape, slightly dipping toward NE, and is characterized by a nega-
tive volume change of 1.80-10°m? (Table 1). For T2 (Figures 3c and 3d), the best model is given by a near
vertical elongated spheroid source centered at ~4.2 km (bsl) beneath the upper western flank of the volcano
and is characterized by a positive volume change of 1.87-10° m* (Table 1). For T5 (Figures 3e and 3f), the best
model is given by a prolate spheroid centered at ~3.7 km (bsl) beneath the summit area and characterized by
a negative volume change of 1.24-10°m? (Table 1).

Overall, the final results show a reasonable fit between modeled and observed displacements (Figure 3c).
Locally, some mismatches in both 3-D direction and magnitude between the modeled and observed geode-
tic velocities can be seen. These are possibly linked to local effects, such as monument instability and/or
motion along nearby active faults.

3.2. Seismological Data

Seventeen seismic stations are located around Mount Etna’s summit area up to 10 km away from its center
(Figure 1a). All consist of broadband three-component Trillium seismometers (Nanometrics), with cutoff per-
iod of 40's and sampling rates at 100 Hz. The recordings of these stations are routinely used to monitor and
investigate the seismovolcanic signals generated at Mount Etna, and in particular volcanic tremor, long per-
iod events, and very long period events [e.g., Cannata et al., 2013].
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Table 1. Estimated Parameters and Associated Uncertainties (at 95% of Confidence) for Sources Modeled for Intervals T1,

T2, and 752

Parameters T1 T2 T5
Easting (m) 500432 + 371 499379 + 248 499393 + 141
Northing (m) 4178419+ 330 4177980 + 202 4178182 + 223
Depth (m bsl) 5639 +483 4166 +418 3747 +352
a axis (m) 591+ 158 464 +152 482 +123
alb ratio 038+0.17 059+0.16 048+0.13
Azimuth (deg) 76.7£16.4 80.5+124 68.6+7.0
Dip (deg) 376+157 123.8+135 319472
Ex. Pressure (Pa) ~580+1.83x10° 517+1.12x10% —465+155%10°
AV (10° m3) ~1.80 1.87 —1.24

@a and b are the lengths of the major and the minor axes, respectively. AV is calculated as AV = (APab A 27)/u accord-
ing to Tiampo et al. [2000], where u is the rigidity modulus of the elastic half-space. AV is expressed as total volume
changes. Coordinates are in UTM 33N projection.

Volcanic tremor was the dominant seismic signal during February-August 2014, and we investigated both
amplitude and source locations to understand temporal and spatial changes. In order to track the variation
through time of the amplitude, we calculated the root-mean-square (RMS) of the seismic signal recorded
by the vertical component of ESLN seismic station (Figure 1a) within 10 min long sliding windows and filtered
in the band 0.5-5.5 Hz (Figure 2c). This frequency band was chosen to include most of the volcanic tremor
energy [e.g., Cannata et al., 2008]. Locations of the volcanic tremor were obtained within 1 h long sliding time
windows in order to track the spatial evolution of its source (Figures 2d and 4). We used a grid-search method
based on spatial-seismic-amplitude distribution, assuming propagation in a homogeneous medium [Dj
Grazia et al.,, 2006], applied on the three-component seismic signals filtered in the frequency band 0.5-
2.5 Hz, to determine tremor locations. The location error was calculated by the jackknife method [Di Grazia
et al., 2006; Cannata et al., 2013] and was equal to ~0.3, ~0.4, and ~0.7 km for longitude, latitude, and altitude,
respectively. It is worth noting that if more than one tremor source are active: (i) the tremor location will indi-
cate the position of the dominant source, in case of sources with distinct intensity; or (ii) the tremor location
will be placed in a position in between the real locations of the volcanic tremor sources, in case of sources

a VOLCANIC TREMOR LOCATION (February-August 2014) b VOLCANIC TREMOR LOCATION (25-27 June 2014)
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Figure 4. (a) Map and sections of Mount Etna with location of the volcanic tremor centroids during February—August 2014. The color of the dots relates to different
times (see Figure 2d). (b) Map and sections of Mount Etna with location of the volcanic tremor centroids during 25-27 June 2014. The green triangles in the map
indicate the vents opened on 5 and 25 July.
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with similar intensity [e.g. Battaglia et al., 2005a, 2005b; Cannata et al., 2013]. For this reason, in this work the
volcanic tremor locations are referred to as tremor centroids.

The relationship between tremor and volcanic activity is shown in Figure 2. The amplitude of volcanic tremor
increased during eruptive periods (Figures 2a and 2c), and the centroids migrated toward the active vents
(Figures 2a, 2d, and 4a). Accordingly, during February-March (T1), mid-June (T3), and mid-August (final part
of T5), explosive and effusive activities at NSEC correlate with fairly high values of RMS and shallow volcanic
tremor sources located in the NSEC area. Similarly, during the activity at the eruptive fissure at the base of
NEC (early July to early August; initial part of T5), the source centroid of volcanic tremor migrated toward
the eruptive vents, becoming shallower, and high RMS values were also observed.

One of the very few intervals, characterized by deep volcanic tremor and almost complete lack of shallow
tremor, was 25-27 June (during T4), when the centroids were mainly clustered east of VOR and NEC at depth
1-2 kmasl £ 0.7 km (dashed black rectangle in Figures 2c, 2d, and 4b).

4. Petrological Characteristics of the Erupted Products
4.1. Sampling and Analytical Methods

Ten air-quenched lava samples were taken at the fissure at the base of NEC on 28 July 2014 (midpart of T5)
and at NSEC on 14 August 2014 (final part of T5) from the upper part of active lava flows (Figure 1b). Twenty-
two plagioclase and 16 olivine crystals, representative of crystal textural variability, were selected for
petrological analyses. We measured An% and FeO wt % composition along core-to-rim profiles of the plagi-
oclase crystals, for each textural type and Fo% variations along core-to-rim transects, for olivine crystals.
Spacing between individual analysis spots in all crystals ranges between 5 and 10 pm depending on crystal
sizes. High-resolution backscattered electron images (BSE, 1024 -864 pixels) and microanalytical data on
plagioclase, olivine, and the other mineral phases were obtained on polished thin sections at the
Dipartimento di Scienze Biologiche, Geologiche e Ambientali, University of Catania (Italy) using a Tescan
Vega-LMU scanning electron microscope equipped with an EDAX Neptune XM 4-60 microanalyzer operating
by energy dispersive system characterized by an ultrathin Be window coupled with an EDAX WDS LEXS
(wavelength dispersive low-energy X-ray spectrometer) calibrated for light elements. Operating conditions
were set at 20 kV accelerating voltage to obtain high-contrast BSE images and the analysis of major element
abundances in mineral phases. Repeated analyses on internationally certified An-rich plagioclase, Fo-rich
olivine, and glass inner standards during the analytical runs ensure precision for all the collected elements
in the order of 3-5%.

4.2, Petrographic Features of the Volcanic Rocks

Bulk rock compositions of lavas emitted during the July-August 2014 activity are K-trachybasalts, similar in
composition to other post-2011 products erupted at Mount Etna [Behncke et al., 2014; Viccaro et al., 2014,
2015]. Clasts are highly vesicular (45 vol % bubbles), porphyritic with seriate texture and phenocryst content
varying between 15% and 20% in volume. Clasts textures are vitrophyric to locally hyalopilitic. In the crystal-
lized portions, microlites (size <100 um) are generally constituted by acicular plagioclase, augitic clinopyrox-
ene, subordinate olivine, and oxides. Phases > 100 um (microphenocrysts and phenocrysts) are plagioclase
(45-50vol %), clinopyroxene (~30 vol %), olivine (~15-20 vol %), and oxides (<5 vol %). Textural characteris-
tics of plagioclase and olivine crystals are described in detail in the next sections. Clinopyroxene is euhedral to
subhedral with grain size generally ranging between ~100 pm (microphenocrysts) and ~2 mm. Larger crys-
tals can be found as single individuals or in aggregates with other mineral phases. Clinopyroxene composi-
tions were determined by SEM-EDS/WDS analyses; compositionally, most clinopyroxenes fall within the
augite field with less common clinopyroxenes falling within the diopside-salite field. These features are on
the whole similar to those of other clinopyroxenes found in recent lavas from Mount Etna [Viccaro et al.,
2015]. Some augitic clinopyroxenes show embayed disequilibrium textures at the rim. Oxides are generally
subhedral to anhedral small in size (50-200 um) and classified as titaniferous magnetite. They are frequently
enclosed in olivine and clinopyroxene minerals, testifying to their early nucleation and growth. Textural rela-
tionships suggest a sequence of crystallization of titaniferous magnetite followed by olivine, augitic clinopyr-
oxene, and finally plagioclase.
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Figure 5. Histograms of the textural motif percentages (oscillatory zoning, strongly resorbed core, coarsely sieved core and
sieved rim) for plagioclase crystals found in volcanic products of the eruptive fissure at the base of NEC and NSEC.
Percentages of textural motifs have been considered in relation to the three main dimensional classes based on the length
of the apparent ¢ axis (i.e., >1.5 mm, 1.5 mm-0.5 mm, <0.5 mm).

4.3. Textural and Compositional Features of Plagioclase Crystals

Plagioclase crystal compositions from lavas erupted at the base of NEC and NSEC during the period July-
August 2014 (T5) range between Ang; and Anyg (Table S1). Three size classes have been identified on the
basis of the length of the apparent c axis: large ¢ > 1.5 mm, intermediate ¢ 0.5-1.5 mm, and small ¢ < 0.5 mm.
For each dimensional class, textural analysis highlighted four main textures: (1) oscillatory zoning, (2) strongly
resorbed cores, (3) coarsely sieved core, and (4) sieve textures at the rim. Frequency of the textural types in
relation to the dimensional classes is reported in Figure 5.

The wholly oscillatory zoning pattern is the least abundant pattern and not present in the largest crystals
(Figure 5). This texture is characterized by generally high An contents (Angg_go, €xcept one crystal of NEC with
Ans3; see also Table S1). Zoning patterns consist of limited fluctuations of the An content (<AAns) with high
frequency of the oscillations (LAHF, low amplitude high frequency in Viccaro et al. [2010]), although sporadic
crystals with slightly more pronounced An oscillations at lower frequency were observed (high amplitude low
frequency in Viccaro et al. [2010]; Figures 6 and 7). FeO ranges between 0.7 and 1.0 wt % with trends generally
concordant with An. It is worth noting that the behavior of An% and FeO wt % toward the crystal rims can be
different. Plagioclase crystals in lavas at the base of NEC exhibit a sudden An drop in the last 10-35 pm down
to Anyg_so (Figures 6¢c and 6d). On the contrary, crystals pertaining to NSEC products have a gradual decrease
of the An content in the 50-70 um outer rims, characterized by flat zones at Anyo and Ang, (Figure 7). FeO
displays an increase from 0.8 up to 1.0 wt %.

The two most abundant core textures in all classes are strong resorption or coarsely sieve textures (Figure 5).
In both cases, the texture is characterized by randomly distributed micrometric glass inclusions: strongly
resorbed cores appear as dusty cores, whereas coarsely sieve textures produce less pervasive resorption at
the cores. Crystals with these two textural types have average An values around 80%, which are fairly con-
stant throughout the disequilibrium zone; iron generally varies within a narrow range between 0.7 and
0.8 wt %, with some crystals showing peaks at 0.6-1.0 wt % (Figures 6 and 7 and Table S1).

Some crystals display sieved textures at the rim (Figures 6a, 6b, 7a, and 7b). This texture comprises around 40%
to 45% of crystals in lavas from the base of NEC; larger NSEC crystals display 40% of sieve texture at their rims,
whereas intermediate and small size plagioclases have lower proportions of this texture (~20%; Figure 5).
Anorthite is fairly constant or decreases slightly inside the sieve-textured zones, whereas FeO wt % has gener-
ally increasing trends or is otherwise constant. Some crystals found in lavas at the base of NEC have lower An
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Figure 6. High-contrast BSE images of plagioclase crystals with various textures and their associated core-to-rim profile for An% (black circles) and FeO wt % (white
squares) found in the volcanic products emitted by the eruptive fissure at the base of NEC.

contents at their cores (~Ans3) and exhibit concordant increase of An% and FeO wt % at the sieved zone at the
rim (Figure 6b).
4.4. Compositional Zoning of Olivine Crystals

Olivine crystals are generally <1.5 mm in size, with rare larger crystals (~3 mm) observed chiefly in the NSEC
lavas. Olivine crystals can also exhibit resorption textures such as embayments. The composition of olivine
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Figure 7. High-contrast BSE images of plagioclase crystals with various textures and their associated core-to-rim profile for An% (black circles) and FeO wt % (white
squares) found in the volcanic products of NSEC.

crystals in the lavas of the July-August 2014 emitted both at the base of NEC and NSEC ranges between Fogg
and Fo;, (Figures 8 and 9 and Table S2). The occurrence of Fogg olivine is, however, restricted to only one crys-
tal found in lavas from the base of NEC. The most abundant olivine population has Fog, g4 at the core and
normal zoning (i.e., decreasing Fo% toward the rim). Some olivine crystals from both eruptive systems display
lower forsterite contents at their cores (Fo;s_,g; Figures 8h and 9h). Olivine rims have larger variability than
cores: in lavas at the base of NEC, olivine rims range between Fo;9 and Fo;;, whereas olivine crystals of
NSEC lavas have values at Fo;e 8, With occasional crystals characterized by slightly lower values at Foy,
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Figure 8. BSE images (a, d, g), rim-to-rim profiles for the measured Fo% (white circles), and Fe-Mg diffusion modeling (red lines) for representative olivine crystals
found in lavas emitted by the eruptive fissure at the base of NEC (b, e, h). Black dashed lines indicate the initial concentration profile prior to the diffusion,
whereas red lines reveal the best fit diffusion model (related to a specific timescale) for the observed zoning profile. The stereographic plot (c, f, i) indicates the
angular relations between the g, b, and c crystallographic axes in olivine and the directions of the measured rim-to-rim traverse (dashed lines in circles).

(Figures 8 and 9). In rare instances, reverse zoning (i.e., increasing Fo toward the rim) occurs in products from
both the eruptive systems. Reverse zoning is more evident in olivines from the base of NEC, which has Fo;s
cores and increasing up to Fogg.g; at the rim (Figure 8h).

5. Discussion

5.1. Discussion of Geophysical Data

Analysis of volcanic tremor during February-August 2014 at Mount Etna shows a correlation over time and
space with volcanic activity, a result seen at other volcanoes worldwide [e.g., McNutt, 1994; Battaglia et al.,
2005a, 2005b; McNutt and Nishimura, 2008]. First, the location of volcanic tremor centroids changes with
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Figure 9. BSE images (a, d, g), rim-to-rim profiles for the measured Fo% (white circles), and Fe-Mg diffusion modeling (red lines) for representative olivine crystals
found in lavas emitted by the eruptive fissure at the base of NSEC (b, e, h). Black dashed lines indicate the initial concentration profile prior to the diffusion,
whereas red lines reveal the best fit diffusion model (related to a specific timescale) for the observed zoning profile. The stereographic plot (c, f, i) indicates the
angular relations between the g, b, and ¢ crystallographic axes in olivine and the directions of the measured rim-to-rim traverse (dashed lines in circles).

active vent locations (Figures 2d and 4a). The most evident migration was observed on 10 August (during T5),
when the centroids moved southward from vents located at the base of the NEC toward NSEC, reflecting the
spatial shift of the explosive activity (Figures 2a, 2d, and 4a). Second, the tremor amplitude reflects variations
in explosive intensity: the more intense the explosive activity, the higher the amplitude. The highest values of
amplitude were observed during the NSEC eruptive episode in mid-June (T3) and during the 25 July to 10
August (during T5) period at the base of NEC, which were both characterized by strong Strombolian activity
(Figures 2a and 2c).

Volcanic tremor locations at Mount Etna have also been used to reconstruct the geometry of the plumbing
system [e.g., Patané et al., 2008, 2013]. During part of the time interval investigated in this work (such as T1,
T3, and T5), the tremor centroids were shallow and roughly located at the eruptive vents, which can be
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Figure 10. Simplified sketch model of the Mount Etna plumbing system (E-W cross section). Sources modeled in this study
(T1,T2,and T5) as well as those obtained for previous (C15 [Cannata et al., 2015]) and successive (G16 [Gambino et al., 2016])
time intervals are indicated with diamonds: inflating sources are colored in red while the deflating ones are reported in
yellow. The location of the volcanic tremor centroids, inferred for the February-August 2014 time interval, is also reported
as blue dots. P wave velocity tomography is reported as background [Chiarabba et al., 2000]. In the sketch there is also
information on the textures of plagioclase crystals and the olivine compositions in the deep portion of the Mount Etna
plumbing system, which are fairly comparable in products from the two eruptive systems. Conversely, textural and com-
positional differences observed at the plagioclase and olivine rims from the eruptive fissure at the base of NEC and NSEC
indicate distinct crystallization conditions at shallower levels.

considered the shallowest parts of the plumbing system. During noneruptive periods (such as T2 and T4),
thanks to the lack of shallow prevailing tremor sources, we were able to locate deeper sources and then high-
light the deeper portion of the plumbing system (Figures 2d and 4a). One of the intervals characterized by
both deep volcanic tremor sources and almost complete lack of shallow sources was 25-27 June (during
T4), when the centroids migrated slightly east of VOR and NEC areas (dashed black rectangle in Figures 2c,
2d, and 4b), at 1-2 km asl. These centroids are likely to highlight a portion of plumbing system, which succes-
sively fed the activity at the base of NEC, as suggested by both the proximity of this tremor source with the
vent (Figure 4b) and the time relationship (the activity at the base of NEC started less than 10 days after this
migration; Figures 2a and 2d).

Constraints on the magma movement in the deeper parts of the plumbing system are provided by GPS-
based ground deformation data (Figure 2b). In response to lava effusion from vents located on the eastern
flank of NSEC during the first 3 months of 2014, GPS data showed deflation (T1; Figures 3a and 3b), followed
by a new pressurizing of the plumbing system from 20 March to 14 June (T2; Figures 3c and 3d). For T1, the
modeled source is located beneath the summit area at a depth of ~5.6 km bsl, while T2 has been modeled as
the pressurization of a near vertical elongated spheroidal source centered at ~4.2 km bsl beneath the upper
western flank of the volcano, ~1.4 km shallower than the deflation source for T1 (Figure 10). The inflation
abruptly ended on 14 June at the start of a short-lived eruption at NSEC (T3; Figures 2a and 2b) with corre-
sponding deflation in the summit area and an abrupt south-eastward migration of the tremor source toward
NSEC area (similar location to the one observed during T1 activity; Figures 2d and 4a). Indeed, some small
amplitude lengthening/shortening variations (related to small inflation/deflation episodes) can be detected
from 14 June from the EPLU-EINT baseline time series. These episodes are only visible at the GPS stations
close to the summit area (with a low signal/noise ratio), and we suppose that they might reflect magma
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movements within shallow sources located slightly east of VOR and NEC area at 1-2 km asl, as highlighted
by the volcanic tremor centroids during 25-27 June. After a slight inflationary period (T4), a clear deflation
of the volcano edifice occurred during 11 July to 20 August (T5). This deflation is modeled as a prolate
spheroid centered at ~3.7 km (bsl) beneath the summit area and dipping slightly toward NE (Figures 3e
and 3f and Table 1).

Within the estimated uncertainties, the positions of sources modeled for T2 and T5 spatially overlap
(Figure 10) and, therefore, these sources can reasonably be considered as a unique magmatic reservoir.
Such a magmatic reservoir pressurized since late March 2014 (T2) and fed the volcanic activity during
June-August at NSEC and at the eruptive fissure at the base of NEC. Successively, it depressurized (T5) due
to eruptive activity. The small deflation/inflation episodes (T3 and T4), occurring from mid-June, might have
affected the shallower plumbing system. In particular, during T4, especially from 25 to 27 June, the shallower
plumbing system was delineated by volcanic tremor centroids located east of VOR and NEC areas at 1-2 km
asl (Figures 2d and 4b). The small deflation/inflation episodes (T3 and T4) suggest that, during volcanic activ-
ity, the shallower reservoir experienced a drop in pressure which promoted refilling of the reservoir with fresh
magma arising from the deep source located ~4 km bsl. This aspect is confirmed by petrological data dis-
cussed in the next section.

Finally, taking into account the sources inferred from the inversion of geodetic data in this study and those
obtained for previous (2 May 2013 to 25 October 2013 [Cannata et al., 2015]) and successive [21 August 2014
to 25 December 2014; Gambino et al., 2016] time intervals, a progressive rising of their depths can be recog-
nized (Figure 10). This fact suggests that volcanic activity since late 2013 was fed by a batch of fresh magma
which, arising from a depth > 8 km, accumulated in the magmatic reservoir located at a depth of ~4 km bsl
(Figure 10), usually considered as the region of neutral buoyancy at Mount Etna and other basaltic volcanoes
[Ryan, 1987; Corsaro and Pompilio, 2004].

5.2. Discussion of Petrological Data

5.2.1. Ascent and Storage Dynamics From Features of Plagioclase Crystals

Over 50% of plagioclase phenocryst cores found in the eruptive products from the base of NEC and NSEC
show strongly resorbed or coarse sieve textures that indicate disequilibrium (Figures 5-7). As shown by sev-
eral studies, plagioclase crystallization is enhanced as the system becomes saturated with sudden loss of
water, whereas plagioclase stability is reduced under decreasing pressure at water-undersaturated condi-
tions [e.g., Nelson and Montana, 1992; Blundy and Cashman, 2001, 2005, and references therein]. This means
that the presence of H,0O dissolved in the melt assists plagioclase resorption resulting in development of
sieve textures. Nelson and Montana [1992] demonstrated the relationships between the extent of resorption
and the rate of decompression. Their experimental results suggest that plagioclase resorption depends clo-
sely on the magnitude of decompression: the higher AP, the higher the percentage of crystal resorption (eval-
uated as density of resorption channels in the crystal). If applied to the variety of core textures observed in
Etnean plagioclases, variable rates of decompression experienced by magmas in the deep portions of the
plumbing system could explain the occurrence of coarsely and strongly sieved cores [cf. Viccaro et al.,
2010, 2014; Nicotra and Viccaro, 2012a, 2012b]. The comparable abundance of these textures in lavas erupted
at the base of NEC and NSEC is an indication that the styles of magma ascent where plagioclase cores crystal-
lize are rather similar for both systems. This suggests that, below a certain depth, magmas of the two systems
experienced very similar crystallization histories. As shown by the aforementioned ground deformation data,
the top of the deep magma source, common to both NEC and NSEC systems, could be located beneath the
summit area at ~4 km bsl (Figure 10).

Occurrence of oscillatory zoning in plagioclase is associated to rates of reaction during crystallization [Pearce
and Kolisnik, 1990; Ginibre et al., 2002]. Crystals of the July—August 2014 activity show, in particular, oscillation
patterns characterized by low amplitude and high frequency (i.e., LAHF) of the An content throughout the
core-to-rim profile (Figures 6 and 7). Several authors ascribed this behavior to crystallization kinetics at the
crystal/melt interface in magmatic systems that are not affected by important changes of the chemical
and/or physical conditions [cf. Allegre et al., 1981; Ortoleva, 1990; Ginibre et al., 2002; Viccaro et al., 2010].
Wholly oscillatory zoned crystals are absent in the larger plagioclase, but they occur in modest amounts in
the intermediate and small dimensional classes (Figure 5). This suggests that growth in chemically and phy-
sically unperturbed conditions is, on the whole, rare.
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Plagioclase rims not affected by disequilibrium show different compositional behavior in lavas from NEC and
NSEC systems. In lavas from the base of NEC, normal zoning of An displays a sudden drop at the outer rim from
Angg.go to as low as Angq (Figures 6c and 6d). In NSEC lavas the An content decreases more gradually toward the
rim, with zones characterized by fairly constant An values (Figures 7c and 7d). In both these instances
(Figures 7c and 7d), the An behavior is accompanied by an increase in iron, which strongly suggests changes
in oxygen fugacity [Longhi et al., 1976; Phinney, 1992; Bindeman et al, 1998; Wilke and Behrens, 1999;
Sugawara, 2001]. Experimental results have demonstrated that in plagioclase, iron is positively correlated with
fO, such that the higher the oxygen fugacity, the higher the Fe content [Bindeman et al., 1998; Wilke and
Behrens, 1999]. Ruprecht and Wérner [2007] also demonstrated that oxygen fugacity increases because of water
exsolution; therefore, H,0 degassing is able to produce the observed discordant trends of An and iron at the
plagioclase rims. The degassing styles of NEC and NSEC are not similar: NEC undergoes continuous degassing,
whereas NSEC shows intermittent degassing probably due to conduit obstructions [La Spina et al., 2010].
Different degassing styles in NEC and NSEC conduits could therefore be responsible for the variable trends
of normal zoning observed in the two suites of plagioclases at their rims. This could imply in turn that magmas
underwent distinct chemical-physical conditions during their late crystallization history in the two conduits.

The percent of plagioclase crystals with sieve texture of rims is different in the two systems. In lavas from the
base of NEC sieve-textured rim accounts for ~40% of the crystals, but in NSEC lavas only 20% (Figure 5). The
constant An content, coupled with increase of iron inside the sieve textures, has been interpreted by some
authors as due to gas injections that do not modify the evolutionary degree of the residing magma but have
effects on the oxygen fugacity [Bindeman et al., 1998; Wilke and Behrens, 1999; Ruprecht and Wérner, 2007;
Viccaro et al., 2014]. However, it is worth noting that these compositional changes in plagioclase are negligi-
ble, which can be indication of a limited extent of this phenomenon. Some small crystals, exclusively of lavas
at the base of NEC, display sieve textures with a concordant, moderate increase of An and iron, features lar-
gely attributed to recharge by more basic magma (Figure 6b) [e.g., Tsuchiyama, 1985]. These plagioclases may
be part of a residual batch of magma within the conduit of NEC that experienced a minor recharging episode
by more basic magma before the eruption. Lower abundances of plagioclases with sieve textures in NSEC are
further evidence for distinct crystallization dynamics within the two systems, at least for the upper parts of
their conduits. Accordingly, the volcanic tremor source, which was detected at the end of June and located
slightly east of VOR and NEC area at 1-2 km asl, might represent the shallow part of the plumbing system
feeding the activity at the base of the NEC. Hence, the link between the two conduits (NEC and NSEC) could
speculatively be located in a part of the plumbing system constrained between 1-2 km asl and 4 km bsl,
where the common magmatic source is likely to be placed.

5.2.2. Timescales of Magmatic Processes From Diffusion Modeling of Olivine Zoning

Temporal constraints of magmatic processes in the shallow part of NEC and NSEC conduits were achieved
following the approach of Costa et al. [2008] and Costa and Morgan [2010], who modeled the diffusion-
controlled reequilibration of the Fe-Mg zoning in olivine (Figures 8 and 9). Crystals were preliminarily selected
to minimize uncertainties on time determination due to the strong diffusion anisotropy related to the section
orientation with respect to the fast diffusion direction (c axis). Anisotropy-corrected diffusivity along the
direction of the profile was obtained taking into account how the compositional traverses were oriented with
respect to the olivine crystallographic g, b, and ¢ axes (respectively, coinciding with the optical indicatrix axes
Z, X, and Y measured by conoscopic observations under a polarizing optical microscope equipped with a
Zeiss 4 axis universal stage). Olivines selected for the modeling are those crosscut along crystallographic
planes forming angles lower than 45° with the c axis. Accordingly, with Costa and Chakraborty [2004], these
selection criteria should improve the accuracy and precision on time calculations. The modeling was per-
formed using Fick's second law diffusion equation with concentration-dependent diffusion coefficients
(Dre-mg)- We assumed the measured concentration at the rim of the crystals as boundary conditions (see
Table S3 in the supporting information). The expression for calculating Fe-Mg diffusion coefficients along
[001] is from Dohmen and Chakraborty [2007]. Coefficients for all the olivine crystals were calculated at tem-
perature (T) = 1130°C, pressure (P)=2500 bars, and oxygen fugacity (fO,) at 10~2?8 bar (QFM buffer). Such
parameters have been chosen in accordance with the T, P, and fO, values of olivine crystallization derived
through MELTS simulations and are consistent with the range of crystallization conditions defined for the
recent Etnean K-trachybasaltic magmas [Viccaro et al., 2015]. The adopted pressure value, which corresponds
to ~ 7km below the summit craters for an average density lithostatic load of 2.8 g/cm?, was taken into
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account on the basis of the inferred depth of the inflation source (cf. Table 1). Uncertainties of the model are
mainly related to T and fO, determinations. The error propagation procedure follows the method adopted
by Kahl et al. [2015] and was performed for temperature uncertainties of 1130°C+ 10°C and fO, of 107998
bars +0.25 log (data in Table S3).

Awareness of the magmatic process causing diffusion in olivines is important to fix the initial composition of
the diffusion modeling itself. The chemical records preserved in olivine cores (Fog,.gs and Foys ;g for both
the eruptive systems) are evidence of two compositionally distinct magmatic environments where crystals
grew without important chemical-physical perturbations during the early stages of crystallization, as sug-
gested by the flat core profiles (Figures 8 and 9). Later, as reflected in the rims, they developed chemical gradi-
ents as a consequence of changed conditions. The decreased Fo content at these crystal rims can be attributed
to decompression-induced crystallization (which stabilizes more fayalitic olivine rims) and/or an interaction
with degassed magmas within the NEC and NSEC conduits during the intrusion. This led to new conditions
of equilibrium at lower Fo contents. Through the Fe-Mg diffusion model we estimated the timescale of this
intrusion at shallower depth in the conduits (Table S3). The initial conditions of the model have been set
considering the Fo contents in the flat portions at the olivine cores, i.e., before the change to more fayalitic com-
positions. Timescale calculations of the olivine zoning give 51-56 days in products from the base of NEC and ~
75 days in NSEC lavas (before the respective dates of emission at the base of NEC-28 July and NSEC-14 August).
These results indicate that all the analyzed olivine crystals encountered changing conditions in a period
between the end of May and beginning of June. The eruptive event on 14-16 June at NSEC (T3), preceded
by the moderate phase of inflation beginning on March 2014 (T2, Figure 2b), suggests that these olivine crystals
may be a residue of a magma batch that was not erupted during June. Sporadic olivine crystals characterized by
slight reverse zoning (from Foyg to Fogg, Figure 9h) were also found in the NSEC lavas. This could reflect inter-
action with more basic magma, whose crystallizing olivine is more forsteritic than the resident one. Excluding
the sporadic olivine crystal at Foge found in lavas from the base of NEC, we have assumed that the olivines in
equilibrium with the inferred more basic magma are those at Fog; g4, which are the most representative popu-
lation found in the NSEC crystals. Initial conditions to model the timescale of magma mixing have therefore
been chosen considering an average of these values (Fogs). Timescales of magma mixing resulting from the dif-
fusion modeling give 71 days, which are consistent with mafic recharge before the event of 14-16 June.

In rare cases, olivine crystals in lavas from the base of NEC display reverse zoning with an increase of the Fo con-
tent from Fo,4 ;5 of the cores up to Fogg at the rims (Figure 8h). In this case, reverse zoning has been attributed
to recharge by a magma-bearing olivine with ~Fog4, as observed in the most forsteritic cores of products from
the base of NEC (average Fog, gg). Modeling of the chemical zoning in these crystals provides an indication that
interaction occurred ~6 days before the eruption that took place on 28 July (during T5) from the NEC fracture
system. This minor event of magma injection suggested by petrological data is coherent with constraints pro-
vided by seismic and geodetic data during the period T5 (Figure 2b). Indeed, in this eruptive period, which is
characterized by a volcano-wide deflation, we observed at least two minor inflation episodes. The first,
between 16 and 30 July (during T5), has been attributed to refilling of the shallow reservoir (this could specula-
tively be associated with the portion of plumbing system at 1-2 km asl, inferred by volcanic tremor centroids
during 25-27 June, during T4) by magma ascending from the source located at 4 km bsl, as imaged by geodetic
data. Our findings also agree with the development of volcanic phenomena, which showed since 25 July an
increase of the intensity and opening of a new vent at 3090 m asl on the lower flank of NEC.

6. Concluding Remarks

The integrated analysis of geodetic, seismic, and petrological data applied to a complex volcanic system like
Mount Etna proved a powerful tool to gain insights on the spatial and temporal history of magma transfer
and recharge beneath the volcano (Figure 10). In this work, the eruptive activity of July—August 2014 at
the base of NEC and NSEC (T5) has been chosen as a case study to test the validity of this methodological
approach. Our main findings can be summarized as follows:

1. Geodetic data give indications of a feeding source located at ~4 km bsl, which is unique for magmas
erupted at the NEC and NSEC systems.

2. Volcanic tremor source locations enabled identifying shallow parts of the plumbing system at 1-2 km as|,
likely feeding the activity at the base of NEC.
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3. Textural and compositional data obtained on plagioclase crystals highlighted that deep dynamics of
transfer are rather similar for magmas erupted at NEC and NSEC systems, but they differ as regards the
chemical-physical conditions encountered at shallow levels. Differences have been attributed to distinct
degassing styles experienced by magmas.

4. Timescales obtained through Fe-Mg diffusion modeling of the olivine zoning are consistent with a
recharging phase by more mafic magma during late May to early June (T2) registered in crystals of
products erupted from the base of NEC and NSEC, which is evidence of a common deep history of
NEC and NSEC systems. Olivine zoning, however, suggests that significant injections of mafic
magmas did not occur in the days preceding the eruption, but that only minor recharges were syn-
eruptive.
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